INTRODUCTION
============

Telomeres are nucleoprotein structures protecting eukaryotic chromosome ends ([@B1]). Telomerase is a ribonucleoprotein (RNP) complex that can add short DNA repeats onto telomeres and thus compensate for losses caused by incomplete replication or degradation ([@B2],[@B3]). The essential core components of this specialized enzyme are telomerase RNA (TER) and telomerase reverse transcriptase (TERT; Est2 in budding yeasts), which can repeatedly copy a small portion of TER (termed 'template') onto the telomere 3′-end. Other proteins that were shown to associate with the telomerase complex in *Saccharomyces cerevisiae* include Est1 and Est3 (which are essential for telomerase action *in vivo*), the Sm proteins and Ku80.

TERs are highly divergent in sequence and length even among closely related species. Phylogenetic covariation was used to predict common secondary structure models for TERs within each group of ciliates ([@B4],[@B5]), vertebrates ([@B6]) and *Saccharomyces sensu stricto* species ([@B7; @B8; @B9; @B10]). However, only limited similarity in the general architecture of these models was observed ([@B6],[@B9]). Yeast TERs are relatively large (930--1540 nt) and highly divergent in sequence ([@B11],[@B12]). While significant portions of these TERs are dispensable for telomerase function, other non-template regions appear to be important ([@B13; @B14; @B15]). Several conserved elements were found to contribute crucial functions such as specifying the template boundary ([@B12],[@B16]) and recruiting Est1, Ku80 and the Sm proteins ([@B17; @B18; @B19]). A unique pseudoknot element containing a major-grove triple-helix was found to be crucial for telomerase function in the budding yeast *Kluyveromyces lactis* ([@B20]) and human ([@B21]) TERs, though its specific function is still unclear. A critical domain in vertebrate TERs, CR4-CR5, was suggested to interact with TERT ([@B22]). Within this domain, a small stem-loop, P6.1, is essential for the telomerase catalytic activity. In ciliate TERs, stem IV was suggested to be the functional homolog of the vertebrate P6.1 ([@B23]). However, a yeast homolog of this element has not been identified yet.

Here, we report on a secondary structure model of the *K. lactis* TER. Comparing the models of *Kluyveromyces* and *Saccharomyces* TERs revealed a similar organization of three long arms and a templating domain at the center. Functional elements, conserved in sequence and/or structure, were identified in the same corresponding positions within the structure in all species. One of these elements, a novel three-way junction, has been further studied by mutational analysis and found to be critical for telomerase function. Interestingly, it shows conservation in both secondary structure and sequence with the vertebrate CR4-CR5 domain, in particular with p6.1, suggesting that the three-way junction is the yeast homolog of the vertebrate CR4-CR5 activating domain.

MATERIALS AND METHODS
=====================

Yeast strains, genomic DNA preparation and Southern hybridization
-----------------------------------------------------------------

*K. lactis* strain yJR27 (*ter1Δ ura3-1 his2-2 trp1*), based on the parental strain 7B520, was used for the CEN-ARS plasmid shuffling of WT and mutant TER genes as described ([@B13]). All yeast strains were grown at 25--28°C. Genomic DNA preparation and Southern analysis of telomere restriction fragments were carried out as described previously ([@B20]).

Purification of telomerase extracts and *in vitro* telomerase assay
-------------------------------------------------------------------

Cell extracts were prepared from *K. lactis* strains and partially purified as described previously ([@B24]). Telomerase assay was performed as described ([@B12],[@B24]), except for the following modifications: 5′-biotinylated oligonucleotides were used as telomerase substrates, the telomerase reaction (20 μl) was incubated at 30°C for 30 min, then heated at 95°C for 4 min, internal control (5′-end ^32^P-labeled, 3′-biotinylated, 10-mer oligonucleotide: GTGGTGTACG) was added, and the products were purified with Dynabeads MyOne™ Streptavidin C1 (Invitrogen Dynal AS, Oslo, Norway) as follows. Equal volume of 10 mM Tris HCl pH 7, 1 mM EDTA, 2 M NaCl and 50 μg Dynabeads was added, the beads were incubated for binding at room temperature for 30 min, washed 3 times with 10 mM Tris HCl pH 7, 1 mM EDTA, 1 M NaCl and once with 10 mM Tris HCl pH7, 1 mM EDTA, using Dynal magnet according to the manufacturer\'s instructions. For elution, the beads were resuspended in 10 µl of 95% formamide loading buffer, incubated at 95°C for 5 min, and electrophoresed on an 8 M urea 15% polyacrylamide gel. TER levels in the fractions were quantified by slot blot analysis using a ^32^P-labeled TER1 probe.

Cloning of *K. lactis* telomerase protein genes
-----------------------------------------------

The genes encoding the putative *K. lactis* orthologs of Est1, Est2, Est3, Ku70 and Ku80 were identified in the *K. lactis* genome by their sequence homology to the *S. cerevisiae* proteins. The genes, including 950--1000 nt upstream and 850--900 nt downstream of the coding sequences, were amplified by PCR and cloned into a SmaI site of pKDU7, a *K. lactis* 2 μ-based, high copy-number plasmid ([@B25]). The cloned sequences were confirmed by sequencing.

RESULTS
=======

Secondary structure models for *Kluyveromyces* telomerase RNAs
--------------------------------------------------------------

To identify conserved functional TER elements, we attempted to compare secondary structure predictions for distant budding yeast species. We had previously cloned *TER* genes from six *Kluyveromyces* budding yeast species and identified several common stems supported by covariation, and several elements conserved in sequence and/or structure ([@B12],[@B18],[@B20],[@B26]). However, the overall low sequence conservation has hindered the prediction of a detailed secondary structure model based on phylogenetic covariation. Instead, we used short stems and single-stranded sequences supported by phylogenetic covariation and experimental data, to constrain the free-energy based computer program *mfold* ([@B27]) and predict a secondary structure for klTER, as described in Materials and Methods section and shown in Supplementary Figure S1A. The structures of other *Kluyveromyces* TERs were also predicted in the same way (data not shown).

Common secondary structure models for TERs from *Saccharomyces sensu stricto* species have previously been published ([@B7; @B8; @B9; @B10]), revealing an emerging consensus for TER structure ([@B28]). However, some inconsistencies exist among the models, particularly in the structures proposed for the pseudoknot domain and the Sm-binding arm. To compare the structure of klTER with that of *S. cerevisiae* TER (also termed TLC1, but for simplicity will be referred to as scTER), we followed the approach described by Zappulla and Cech ([@B10]), except for using TER sequences from seven, instead of four, *Saccharomyces sensu stricto* species \[*S. cerevisiae, S. paradoxus, S. mikatae, S. kudriavzevii, S. bayanus, S. pastorianus and S. cariocanus* ([@B8],[@B9])\]. We first aligned the seven TER sequences using *ClustalX* ([@B29]) and predicted a common secondary structure by *RNAalifold* ([@B30]). Then, several predicted stems and a pseudoknot model proposed previously ([@B9]) were used to constrain *mfold* and predict a detailed secondary structure model for scTER (Figure S1B). The predicted structure was generally consistent with the previously published secondary structure models ([@B8],[@B10]). The structure of the 3′ arm was consistent with that proposed by Zappulla and Cech ([@B10]).

Interestingly, while no sequence identity was apparent between klTER and scTER, the predicted *Kluyveromyces* TER structures reveal an arrangement of three long arms and a templating domain at the center, as described previously for the *Saccharomyces* TERs ([@B8; @B9; @B10]) and schematically shown in [Figure 1](#F1){ref-type="fig"}A. The lengths of the corresponding arms vary by up to 150 nt between different *Kluyveromyces* species, and by up to 225 nt between *S. cerevisiae* and *Kluyveromyces* TERs (Figure S1 and data not shown). However, seven short sequences (CS1--7) identified previously in the *Kluyveromyces* species ([@B26]) were found in the same structural context in the *S. cerevisiae* model: CS1, 3 and 4 form the pseudoknot structure adjacent to the template and the core-enclosing helix ([@B9],[@B26]); CS2 forms a bulged-stem required for the binding of the telomerase protein Est1 ([@B18]) and CS7 forms a binding site for the Sm proteins ([@B19],[@B26]). The Ku80 binding site ([@B17]) is conserved only in the *Saccharomyces* but not in the *Kluyveromyces* species, consistent with the severe effect of Ku80 deletion on telomere length in *S. cerevisiae*, but not in *K. lactis* ([@B31]). Two other conserved elements, CS5 and CS6, have not been studied previously. In both scTER and klTER structure models, these two sequences are partially paired to each other, and together with an additional, less conserved sequence termed CS5a, form a three-way junction (TWJ; [Figures 1](#F1){ref-type="fig"}C and D, S2A and B). Figure 1.A common secondary structure model for budding yeast TERs reveals an element similar to the vertebrate CR4-CR5 domain. **(A**) A schematic representation of a common secondary structure for budding yeast TERs was drawn according to the secondary structure predictions for *Kluyveromyces* and *Saccharomyces* TERs shown in Figure S1. **(B**) A schematic representation of the vertebrate TER structure was drawn according to ([@B41]). Indicated are the various functional elements found in telomerase RNA. Secondary structure models for the *S. cerevisiae* (**C**), *K. lactis* (**D**), human (**E**), *S. castelii* (**F**), *S. kluyveri* (**G**) and *C. serpentina* (**H**) TWJs were predicted, as described in the Supplementary Data. Indicated in blue are nucleotides conserved within each group \[in all six *Kluyveromyces*, all seven *Saccharomyces sensu stricto* or in at least 33 of 35 vertebrate TERs (\>94%)\]. In the *S. castellii* and *S. kluyveri* models, indicated in blue are nucleotides conserved with the rest of the *Saccharomyces* species. Indicated in orange are nucleotides conserved in at least 13 of 15 yeast TERs (\>86%). Indicated in red are nine nucleotides conserved across yeast and vertebrates in at least 45 of the 50 TER sequences examined (\>90%; see Figure S3). Circled are positions with covariations within the *Kluyveromyces, Saccharomyces sensu stricto* or the vertebrate groups, supporting the predicted structures. (**I**) A representation of the consensus TWJ structure for yeast and vertebrate TERs. Indicated in red are conserved base pairs and conserved nucleotides.

The three-way junction is conserved in yeast and vertebrate TERs
----------------------------------------------------------------

Similar structures formed by CS5a, CS5 and CS6 were predicted in all seven *Saccharomyces* and six *Kluyveromyces* TERs ([Figures 1](#F1){ref-type="fig"}C and D, S2A and B). In particular, the junction itself is highly conserved, including no unpaired nucleotides between stem 1 and stem 2 (L1 = 0), an A linker between stem 2 and stem 3 (L2 = A), and a GU linker between stem 3 and stem 1 (L3 = GU; with the exception of L3 = GC in *K. dobzhanskii*). Linkers between the stems of the TWJs were shown to be critical for the topology and the precise angles between the stems ([@B32]). In addition to the linkers, paired nucleotides that are close to the junction in stems 1, 2 and especially 3, are highly conserved among all *Kluyveromyces* and *Saccharomyces* TERs (indicated in orange and red in [Figures 1](#F1){ref-type="fig"}C and D, S2A and B). All changes found in these nucleotides maintained the predicted secondary structure and therefore considered covariations (indicated by circles). Finally, a stretch of U residues is conserved in the CS5 strand of stem 3 in all *Kluyveromyces* and *Saccharomyces* TERs. Altogether, the high conservation of the linkers, the stems and specific nucleotides supported the prediction and suggested that the sequence and topology of the TWJ is conserved among budding yeast TERs. We then searched for the conserved TWJ element in TER sequences of the more distant *Saccharomyces sensu lato* species *S. castellii* and *S. kluyveri*, which were identified in the genbank based on published partial sequences ([@B7]). Although these sequences show no apparent similarity to the *Kluyveromyces* or *Saccharomyces sensu stricto* TERs, they were also predicted to form similar TWJs with the same junction parameters (except for an extra A in two of the linkers in *S. castellii*---L1 = A and L3 = GUA), and conserved nucleotides at the corresponding positions ([Figure 1](#F1){ref-type="fig"}F and G).

The position of the TWJ in the secondary structure model appears similar to that of the vertebrate CR4-CR5 domain ([Figure 1](#F1){ref-type="fig"}A and B). Although parts of the CR4-CR5 structure were solved by NMR ([@B33],[@B34]), the structure at the junction of P5, P6a and P6.1 remained unsolved. To further study possible conservation between these elements, we aligned the sequences corresponding to the CR4-CR5 domain from 35 vertebrate species ([@B6]) using *ClustalX* ([@B29]), and subjected the alignment to *RNAalifold* ([@B30]) for common secondary structure prediction. Interestingly, *RNAalifold* predicted a structure similar to the yeast TWJ (see [Figure 1](#F1){ref-type="fig"}E and H and sequence alignment in Figure S3). However, the short length of stem P5 between the bulge and the junction (3 bp), and an alternative conformation predicted previously for the human TER \[([@B35]) and Figure S2D\], raised doubts about the *RNAalifold* prediction. Therefore, we examined whether the alternative conformation can be formed in all vertebrate TERs and whether phylogenetic covariation supports it. Apparently, the sequence and the length of the bulge ([Figure 1](#F1){ref-type="fig"}E: nt 248--252 in the human TWJ) are not conserved and most variations in the sequence are not compatible with the alternative structure, indicating that the alternative conformation is not likely to form in at least 21 of the 35 vertebrate TERs. In contrast, the stem predicted by *RNAalifold*, although as short as 3 bp in some species, is conserved in all vertebrate TERs with a one nucleotide change in two species (G-C to G-U), which preserves the structure (encircled in [Figure 1](#F1){ref-type="fig"}E: nt 253--255 and 319--321). In addition, the predicted stem is as short as 3 bp only in the mammalian species (19 of the 20) and in *Gallus gallus* (Chicken; data not shown). In the rest of the species \[the mammalian *Dasyurus hallucatus* (Quoll), the bird *Anodorhynchus hyacinthinus* (Macaw), and all the Reptilia, Amphibia and Chondrichthyes species\], this stem is longer (4--6 bp) and supported by more covariations (the *Chelydra serpentina* predicted TWJ is shown as an example in [Figure 1](#F1){ref-type="fig"}H). The higher diversity of the latter group suggests that a longer stem existed in the common evolutionary ancestor of these vertebrates, and its shortening to 3 bp occurred later in the mammalian and avian species. Chemical structure probing of *in vitro* transcribed hTER ([@B35]) is generally consistent with our model: nucleotides UGGA249-52 of the predicted bulge in P5 and GU315-6 in the linker L3 ([Figures 1](#F1){ref-type="fig"}E, S2C and S2D) show moderate to strong accessibility to modifying agents, suggesting that they are likely to be in a single-stranded conformation, while the 3 bp stem was not modified, except for the moderate and weak modification of G253 and G254, respectively. However, chemical probing *in vivo* showed only moderate modification of AG252-3 and strong modification of G315, while the rest of the P5, P6a and P6.1 nucleotides were only weakly or not at all modified, indicating that a conformational change, additional tertiary interactions or the binding of a protein protected this sequence *in vivo.* While we cannot exclude the alternative conformation (Figure S2D), the conservation of the *RNAalifold*-predicted structure in all vertebrates and its similarity to the yeast structure clearly support our model ([Figures 1](#F1){ref-type="fig"}E and S2C). Importantly, stem 2 and the most conserved elements, linker 2 and stem 6.1, are identical in both conformations.

The most conserved features of the yeast TWJ are also conserved in the vertebrate predicted structures. First, the linkers between P5/S1 and P6a/S2 (L1 = 0) and between P6a/S2 and P6.1/S3 (L2 = A) are identical in all 50 vertebrate and yeast TERs, except for L1 = A in *S. castellii*. The linker between P6.1 and P5 is longer in vertebrates (L3 = GUCA), but it includes the yeast sequence (L3 = GU) with only one exception (L = GAUU in *Herpele squalostoma*). Furthermore, the additional CA of the vertebrate linker is also conserved in most yeast TERs, although in the yeast predicted structures it is paired in stem 1 (the C is conserved in 31/35 vertebrate and 14/15 yeast TERs, and the A in 34/35 vertebrate and 13/15 yeast TERs). Second, P6.1 shows similarity to stem 3. The first and the third base pairs from the junction, A/U, are absolutely conserved in all 50 yeast and vertebrate TERs. The second and fourth base pairs are conserved within the groups (G/C in all vertebrates, U/A in all *Kluyveromyces*, C/G in *S. kluyveri*, U/G and C/G in *Saccharomyces sensu stricto* and U/A and C/G in *S. castellii*, for the second and fourth base pairs from the junction, respectively). Finally, a stretch of U residues and a G, which are conserved in the yeast CS5 strand of stem 3 ([Figures 1](#F1){ref-type="fig"}C: nt 1037--1042, 1D: nt 1135--1138, 1F: nt 1243--1245, 1G: nt 1174--1180, S2 and S3), are reminiscent of conserved and critical U and G residue in P6.1 \[([Figure 1](#F1){ref-type="fig"}E: nt 307 and 309; Figure S3; and ([@B36])\]. Altogether, the similarity of the yeast TWJ to the vertebrate CR4-CR5 domain, and in particular the linkers and stem 3/P6.1 ([Figure 1](#F1){ref-type="fig"}H), confirms the predictions and suggests that these elements are functional homologs.

The three-way junction is crucial for *K. lactis* telomerase function *in vivo*
-------------------------------------------------------------------------------

To test whether the conserved features of the TWJ are important for telomerase function, we introduced substitutions into the *TER1* gene. We replaced the WT *TER1* gene in *K. lactis* cells with the mutant alleles using a plasmid shuffling system previously described ([@B13]), and analyzed telomere length and telomerase activity *in vivo.* An additional single-nucleotide mutation was introduced into the TER template, resulting in the incorporation of BclI restriction sites into the telomeric repeats. This mutation is otherwise apparently silent, and thus can be used to mark the nascent repeats incorporated by telomerase and analyze its *in vivo* activity ([@B25]). The BclI repeats can be identified by Southern analysis of telomeric fragments hybridized to a BclI-specific telomeric probe, or by BclI restriction endonuclease digestion of the telomeric fragments and hybridization to a WT probe (see scheme in Figure S4).

The first mutation was a transition substitution of 7 nt in CS5 (CS5sub), which was predicted to disrupt stem 2 and stem 3 adjacent to the junction. This mutation severely impaired telomerase function *in vivo*, as revealed by the rough colony phenotype, a hallmark of impaired telomere maintenance in *K. lactis* ([Figure 2](#F2){ref-type="fig"}D), the severe shortening of the telomeres to 30% of the WT telomere length and the barely detectable BclI repeat incorporation observed by Southern analysis ([Figure 2](#F2){ref-type="fig"}C). We cloned and sequenced 20 different telomeres from the CS5sub mutant, as described previously ([@B20]). In three clones we found interspersed BclI and WT repeats (Figure S5B--D), which were presumably generated by telomeric recombination. This indicates that telomerase was still active and incorporating BclI repeats, but incapable of maintaining stable telomeres. In addition, four telomere clones had misincorporated nucleotides (the most aberrant of them is shown in Figure S5A), which appear to have been synthesized by miscopying of the template. Although this aberrant sequence was found in only one of the 20 clones, we did not observe such a sequence aberration in several hundred other telomere clones of WT and other telomerase mutants. Therefore, we think that the defect caused by the CS5sub mutation is not only in the level, but also in the fidelity, of telomerase activity. Altogether, these results indicate that CS5 is essential for normal telomerase action *in vivo*. Figure 2.The three-way junction is crucial for *K. lactis* telomerase function *in vivo*. The mutations introduced into the TWJ (**A** and **B**) and the resulting mean telomere length, as measured by Southern analysis (**C**), are summarized in (A). WT and mutant *TER1* genes were introduced into *K. lactis* cells on a CEN-ARS plasmid, replacing the WT *TER1* gene. These mutants contain an additional BclI template mutation that is incorporated into telomeres, introducing a BclI restriction site. Otherwise, the BclI mutation is phenotypically silent and can therefore be used to mark the nascent products of the investigated telomerase *in vivo* (see scheme in Figure S4). Genomic DNA was prepared from the sixth passage (∼90--120 generations), digested with EcoRI or EcoRI+BclI, electrophoresed on a 1% agarose gel, vacuum blotted onto a membrane, and hybridized first with a BclI-specific telomere probe (top) and then with a WT telomeric probe (bottom), as indicated on the right of (C). For simplicity, only a portion of the gel is shown, including 7 of the 12 *K. lactis* telomeres. (**D**) Typical colonies of the different strains taken at their forth passage. Impaired telomere maintenance is associated with rough colonies, as opposed to the smooth appearance of WT colonies.

To examine the TWJ in more detail, we introduced specific mutations designed to test the different elements of this structure, and whether their sequence and/or conformation is important ([Figure 2](#F2){ref-type="fig"}). First, we made transition mutations in the linkers between stem 2 and stem 3 (L2-AtoG), and between stem 3 and stem 1 (L3-GUtoAC). The L3-GUtoAC mutation did not have any significant effect. In contrast, the single nucleotide L2-AtoG mutation caused significant telomere shortening to 65% of the WT telomere length. Such an effect for a single nucleotide transition indicates that this linker nucleotide, conserved in all 50 yeast and vertebrate TERs, is critical for telomerase function.

We next tested stem 3, which appears to be conserved between *Kluyveromyces, Saccharomyces* and vertebrates (P6.1). We introduced 2-nt substitutions in either CS5 or CS6, designed to disrupt the two middle base pairs (S3.1, S3.1′), while the combination of the two (S3.1 + S3. 1′) was expected to restore base pairing. Each of the two-nucleotide mutations resulted in a rough colony phenotype and telomere shortening to 40 and 65% of WT length for S3.1 and 3.1′, respectively ([Figure 2](#F2){ref-type="fig"}), while the combination of the two mutations fully restored normal colony phenotype and telomere length, suggesting that the formation of stem 3 is crucial for telomerase function.

A stretch of U residues is conserved in CS5 in all yeast TERs, reminiscent of the critical U residue conserved in vertebrate TERs ([Figures 1](#F1){ref-type="fig"}, S2 and S3). In the *Kluyveromyces* and *S. kluyveri* TERs, these U residues were predicted to form one side of an asymmetrical internal loop, while two other residues in CS6 form the other strand of the loop. In the other *Saccharomyces* TERs the U residues in CS5 were predicted to pair with G or A residues in CS6, while an A bulge remained in CS5. To test the importance of the sequence and the conformation of this stretch of U residues for telomerase function, we made several mutations in klTER. Transition mutations, replacing the U with C residues in each side of the internal loop ([Figure 2](#F2){ref-type="fig"}A and B), were predicted to preserve the internal loop conformation. Substitution of three U residues conserved in CS5 significantly reduced telomere length to 40% of the WT length (IL-U3toC3). In contrast, the substitution of the two U residues conserved only in *Kluyveromyces* CS6 only had a slight effect (IL-U2toC2). When we combined these mutations together, changing five U to C residues, there was no further worsening of the phenotype over that of IL-U3toC3. Another mutation was designed to pair the loop by substituting two A residues for the three conserved U residues (IL-close). This mutation only had a moderate effect on telomere length, reducing it to 80% of the WT length, suggesting that these U residues may actually be paired, as predicted for the *Saccharomyces* TERs. U-U base pairing has been found previously in RNA, e.g. in the human TER ([@B37]).

Normal levels of telomerase RNA in three-way junction mutants
-------------------------------------------------------------

CS6 is located ∼30 nt from the Sm site, which is required for the stability of TER. Therefore, we tested whether mutations in the TWJ reduce TER levels rather than impair the function of the enzyme. We measured the TER levels using Northern analysis (data not shown) and real-time PCR (Figure S6). Although some fluctuation in TER levels was observed, no correlation was found between TER levels and the effects of the mutations on telomerase function. The most severe mutant, CS5sub, shows a 30% increase in TER levels, while the apparently normal compensatory mutant S3.1 + S3.1′ shows 40% reduction. These results suggest that the TWJ mutations impair either the assembly of the telomerase RNP complex or its specific activity, rather than reduce TER stability.

The three-way junction is important for the catalytic activity of telomerase *in vitro*
---------------------------------------------------------------------------------------

The similarity between the TWJ and the vertebrate CR4-CR5 domain suggests that both elements may have a similar role. The CR4-CR5 domain is critical for telomerase action both *in vivo* and *in vitro* ([@B22],[@B36]). Therefore, we tested the activity of two TWJ telomerase mutants *in vitro*: S3.1, a 2-nt substitution in CS6, presumably disrupting stem 3 close to the junction; and IL-U3toC3, a substitution of three cytosine residues for the three conserved uridines in CS5. We partially purified telomerase RNP complexes from cell extracts of the WT and mutant TERs and analyzed *in vitro* the enzymatic activity of telomerase in the telomerase-enriched fractions. We used two different 12-mer telomerase substrates, which align with their 3′-ends at positions 5 and 25 of the template, as described in Materials and Methods section and illustrated in [Figure 3](#F3){ref-type="fig"}. Strikingly, even though the TWJ appears to be distant from the catalytic core within the secondary structure model, both telomerase mutants were barely active under the *in vitro* assay conditions ([Figure 3](#F3){ref-type="fig"}). This result indicates that the TWJ structure is crucial for the assembly and/or the action of the telomerase catalytic core, as is the case for the vertebrate CR4-CR5 domain. Figure 3.Stem 3 telomerase mutants are barely active *in vitro*. (**A**) A scheme showing the two telomerase substrates used, which are each 12 nt long, and which base pair to the telomerase template with their 3′-ends at positions 5 and 25 of the template \[5(12) and 25(12), respectively\]. A dashed arrow indicates the direction of polymerization, and the nucleotides added are shown above the arrow. (**B**) Partially purified telomerase fractions were prepared from WT, S3.1 and IL-U3toC3 strains. These fractions (10 μl each) were assayed for telomerase activity as described in Materials and Methods section. The nucleotides added by telomerase to the corresponding products are indicated on the sides of the panel, and the 10-mer oligonucleotide used as internal control is indicated by 'IC'. (**C**) Slot-blot analysis with a TER1 probe reveals comparable amounts of TER in the fractions assayed for telomerase activity (10 μl each).

Overexpression of the telomerase proteins Est2 and Est3 partially suppresses the phenotype of a three-way junction mutant
-------------------------------------------------------------------------------------------------------------------------

The vertebrate CR4-CR5 domain was shown to interact with TERT ([@B22]). If such an interaction occurs between Est2 and the TWJ in *K. lactis*, the overexpression of Est2 might compensate for a reduced affinity to the TWJ mutant TER and consequently suppress the telomere phenotype, as shown for the interaction of the telomerase protein Est1 with its RNA binding site in scTER ([@B18]). We tested whether any of the telomerase proteins can suppress the severe telomere phenotype of the CS5sub when overexpressed. We cloned the *K. lactis* orthologs of the *S. cerevisiae* genes *Est1, Est2, Est3* and *Ku80*, known to be associated with the telomerase complex, and expressed them from their endogenous promoters on high copy-number (2 μ) plasmids \[based on pKDU7; ([@B25])\]. When overexpressed in the WT TER strain, Est2 and Est3 caused some telomere elongation (120 and 107% of WT telomere length, respectively), and Est1 and Ku80 did not affect telomere length (data not shown). While the overexpression of Est1 and Ku80 did not have any apparent effect in the TWJ mutant, both Est2 and Est3 fully restored normal colony phenotype and elongated the telomeres from 30 to 65% of the wild-type length, a more substantial effect than that observed in the WT strain (data not shown and [Figure 4](#F4){ref-type="fig"}). We did not measure higher TER levels in the strains overexpressing Est2 or Est3 (Figure S6), excluding the possibility that the partial suppression of the phenotype was caused by a stabilization effect on TER. Altogether, these results suggest that the TWJ may interact, physically or functionally, with Est2 and/or Est3. Figure 4.Overexpression of Est2 and Est3 partially suppresses the CS5sub mutant phenotype. Genes encoding telomerase proteins were cloned into a high copy-number (2 μ) plasmid and introduced into the CS5sub mutant. Genomic DNA was prepared from the strains at their sixth passage, and telomere length and BclI-repeat incorporation were analyzed by Southern, as described in [Figure 2](#F2){ref-type="fig"} legend. Only WT hybridization is shown.

DISCUSSION
==========

Telomerase RNA (TER) not only provides a template for telomeric repeat synthesis by the telomerase reverse transcriptase, but also has various other roles in the function of the telomerase RNP ([@B38]). However, the extreme divergence of TERs has hindered the functional analysis of this non-coding RNA. Unlike the highly conserved and structured ribosomal RNA, telomerase RNA appears to include small elements conserved in sequence and/or structure, which are located within much larger non-conserved regions, as illustrated by the 'beads on a string' model ([@B15]). Several such elements were found to be conserved within each group of ciliate, vertebrate and yeast TERs ([@B38]). The first element found to be conserved across yeast and vertebrates is a major-grove triple-helix within a pseudoknot structure that is crucial for telomerase function ([@B20],[@B21]). Here we report on another such element, which shows conservation in structural parameters, sequence and location within the TER secondary structure, across distant yeast and vertebrate species ([Figure 1](#F1){ref-type="fig"}), suggesting that it contributes a conserved telomerase role.

Using free energy calculations constrained by phylogenetic covariation and experimental data, we predicted secondary structure models for *Kluyveromyces* TERs (Figure S1A and data not shown). Comparing the *Kluyveromyces* and *Saccharomyces* TER models revealed a similar architecture of three long arms and a templating domain at the center, as described previously for the *Saccharomyces* TERs ([@B8; @B9; @B10]) ([Figures 1](#F1){ref-type="fig"}A, S1A and B). The lengths of the corresponding arms vary by up to 225 nt between different TERs, suggesting that long insertions and deletions occurred in these arms during evolution, while preserving the overall secondary structure. No sequence similarity is observed between the *Saccharomyces* and *Kluyveromyces* TERs except for seven short sequences (CS1--7) ([@B26]), which are located in the same structural context within the secondary structure models of both groups of yeasts. Three conserved elements, CS5a, CS5 and CS6, form a three-way junction (TWJ) not characterized previously ([Figure 1](#F1){ref-type="fig"}). Although a different structure was previously proposed for this arm of the *Saccharomyces* TERs ([@B8]), the remarkable conservation of the CS5a, CS5 and CS6 sequences among budding yeast TERs, as well as phylogenetic covariation among species, support the TWJ prediction ([Figures 1](#F1){ref-type="fig"}, S2 and S3).

Since the position of the TWJ in yeast appeared similar to that of the vertebrate CR4-CR5 domain ([Figure 1](#F1){ref-type="fig"}A and B), we examined the sequence and structure of the CR4-CR5 domain using multiple sequence alignment of 35 vertebrate TERs ([@B6]) and covariation-based secondary structure prediction by *RNAalifold* ([@B30]). Strikingly, the CR4-CR5 domain was predicted to fold into a TWJ with similar conformational parameters to those in yeast ([Figure 1](#F1){ref-type="fig"}E and H). Within the structure, 6 nt are absolutely conserved in the corresponding positions of the linkers L1 and L2, and stem 3/P6.1, across all 50 yeast and vertebrate species examined ([Figure 1](#F1){ref-type="fig"}I). Three additional nucleotides are conserved in at least 45 of the species (\>90%), and a stretch of U residues and a conserved G in all yeasts are reminiscent of the critical U and G residues conserved in all vertebrates \[[Figures 1](#F1){ref-type="fig"}C--H, S2 and S3 and ([@B36])\].

To test the importance of the TWJ, we introduced a transition substitution into CS5 of klTER, predicted to disrupt the TWJ structure. Indeed, this mutant telomerase was barely active ([Figure 2](#F2){ref-type="fig"}); while some BclI repeats were incorporated, this activity was apparently not sufficient to maintain stable telomere length, as revealed by telomeric recombination (Figure S5). This indicates that the TWJ is critical for telomerase function *in vivo*. Next, we examined the various conserved elements in the TWJ by introducing small substitutions into the sequence. The linker between stem 2 and stem 3 (L2 = A), the stretch of U residues, and stem 3 ([Figures 1](#F1){ref-type="fig"}C--H, S2 and S3) were all found to be important for telomerase function, consistent with their high conservation (see [Figure 2](#F2){ref-type="fig"} and Results section). On the other hand, a substitution mutation in the less conserved linker 3 (L3 = GU) did not affect telomere length. A compensatory mutation in stem 3 restored normal telomere length, confirming the structure prediction. Similarly, in vertebrates, 4-nt mutations in either strand of P6.1 abolished telomerase activity, while the compensatory mutation restored it ([@B36]). Closing the internal U loop by replacing the three U residues in CS5 with two A residues only had a moderate effect ([Figure 2](#F2){ref-type="fig"}), suggesting that these U residues may actually be paired, as predicted for the *Saccharomyces* TERs. In the *Kluyveromyces* TWJ, they would form U-U base pairs instead of the U-G and U-A predicted in *Saccharomyces*. Interestingly, the closing base pair in P6.1 is a wobble U/G in 15 vertebrate species ([Figure 1](#F1){ref-type="fig"}E; nt 306 and 310), but is predicted to be a U/U pair in 12 other species ([Figure 1](#F1){ref-type="fig"}H; nt 367 and 371). In other species, other non-conventional base pairs may form (see Figure S3).

We then examined the nature of the defect in the TWJ mutants. We did not observe any correlation between telomere shortening and reduced TER levels (Figure S6), excluding the possibility that the mutations affected the function of the nearby Sm site. Instead, we saw a severe defect in the specific activity of telomerase *in vitro* ([Figure 3](#F3){ref-type="fig"}), suggesting that the defect lies in the action of the catalytic core rather than in a regulatory function required for the *in vivo* activity only. We found some sequence aberrations in individual telomeres cloned from the CS5sub mutant (Figure S5), suggesting that in addition to the clearly reduced specific activity, the fidelity of the enzyme may have also been impaired. Finally, we found that overexpression of Est2 or Est3, but not Est1 or Ku80, partially suppressed the severe telomere phenotype of CS5sub. While we have no other indication for the interaction of these proteins with the TWJ, the ability of the catalytic reverse transcriptase Est2 to partially suppress the phenotype is consistent with the possibility that it interacts with the TWJ domain, similarly to the interaction of the vertebrate TERT with P6.1 ([@B39]). The specific function of Est3 is still unclear, but its ability to partially suppress the phenotype of CS5sub may provide an opportunity to study its possible role in telomerase assembly or activation.

Here, we describe a critical domain of yeast TER that has features conserved with the vertebrate CR4-CR5 activating domain. In ciliates, stem IV was suggested to have structural and functional roles similar to those of the vertebrate CR4-CR5 domain ([@B23],[@B40]). In addition to the previously reported triplex-containing pseudoknot ([@B20],[@B21],[@B39]), the TWJ demonstrates that while TERs are highly divergent, they do share conserved elements presumably providing conserved telomerase functions. These elements are embedded in non-conserved RNA fragments, as suggested by the 'beads on a string' model ([@B15]). The comparative analyses of these functional elements in different organisms will contribute to the understanding of their specific roles in telomerase function.
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Supplementary Data are available at NAR Online.
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